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(Received for publication, September 27, 1956) myo-Inositol (also called meso-inositol) is generally considered a member of the B vitamin complex and is required for growth by a number of yeasts (1) and fungi (2) . An exogenous inositol requirement has, however, not been demonstrated in any bacterial species, and, although deficiency symptoms have been produced in animals, evidence for its vitamin function in man remains inconclusive. Inositol deficiency has been found to produce alopecia in rats (3, 4) and mice (5) and decreased growth in mice, rats, cotton rats, and hamsters (3, 6, 7) . Several investigators have, however, been unable to confirm this growth-promoting effect (8, 9) and the role of inositol in the production or cure of experimental alopecia has also been questioned (9, 10 ). An interrelationship between inositol and a number of other vitamins in the production of deficiency symptoms (6, 11 ) is a complicating factor. A lipotropic effect in rats, independent of that of choline, has been reported by several investigators (12) . Although a similar lipotropic effect has been found in man (13) , there has been no demonstration of a deficiency syndrome resulting from lack of inositol.
In the light of these results, it is of interest that myo-inositol has proved essential for the survival and growth of every cultured human cell examined, whether normal or malignant, as well as of a mouse sarcoma. With every one of eighteen cultured human strains, growth ceased in inositoldeficient media, there was cytopathogenic evidence of cell injury, and the cells eventually died. The quantitative aspects of that requirement and the degree to which myo-inositol could be replaced by its isomers and by related compounds are described here.
Methods
The cell strains used in the present study (Table I) included eight strains derived from normal human tissues, seven strains derived from malignant human tissue, three strains derived from the bone marrow of patients with metastasizing cancer, and therefore of uncertain characterization, a mouse sarcoma, and a mouse fibroblast.
The experiments leading up to the basal medium of Table II and the methods of cell cultivation have been previously described (14, 15) . In the present experiments, cell growth was (15)).
Both cell lines could be grown for weeks, with a sustained average generation time of less than 48 hours, in a medium containing these vitamins, together with the thirteen essential amino acids, glucose, and salts, the mixture being supplemented with a small amount of serum protein, supplied as dialyzed serum (Table II) . Table II , containing amino acids, salts, and seven essential vitamins, glucose, and serum protein (0), and their sustained growth on the addition to that medium of 5 per cent by volume of serum ultrafiltrate (0). A, the three cell lines which, in this experiment, grew out in the medium of Table II . B, the results obtained with seven cell strains which showed only limited initial growth in that medium and then died, but which continued to grow indefinitely on the addition of serum ultrafiltrate.
For reasons of clarity, not all the curves are shown. C, the results obtained with eight cell strains which rapidly developed cytopathogenic changes and died in the medium of Table II , but which grew satisfactorily on the addition of serum ultrafiltrate. fig. 1, B) . In every instance, however, the cells eventually died. All these cell lines, however, survived and grew if the medium, which contained serum protein as the only undefined component, was supplemented with a small amount of serum ultrafiltrate (see the solid circle curves in Text- fig. 1 , B and C). One or more dialyzable components of serum, over and above those previously described, were clearly required. myo-Inositol As Active Factor in Serum Ultrc&trate--A wide variety of growth factors, 90 in all, was now examined with respect to their ability to substitute for the serum ultrafiltrate and to permit the serial propagation of the cell lines listed in Table I in a medium containing serum protein as t,he only undefined component.
As shown in Table III , myo-inositol wholly replaced the serum ultrafiltrate, while none of the other growth factors, separately or together, had demonstrable activity.
The degeneration of three representative cell lines in the absence of inositol is shown in Figs. 1 to 3 and is in contrast to their rapid proliferation in the same medium supplemented with inositol.
Every one of the cell lines listed in Table I proved capable of sustained growth when the medium of Table II was appropriately supplemented with myo-inositol.
Thus, ten strains chosen at random were serially propagated for 8 weeks.
Tu'o attempt was made to keep the cells in the logarithmic phase of growth, and the cultures were subdivided as necessary at approximately 5 to 7 day intervals.
As illustrated for five df these cell lines (Text- fig. 2 ), all ten strains continued to grow at a uniform rate over the entire period, during which the cell protein had increased more than 50,000,000-fold.
Inositol Requirement of HeLa Cell and Strain J-11 1 Leucemia-Since seventeen of the twenty cell lines studied here were found to have an absolute requirement for inositol, the possibility was considered that the ability of the other three cell lines (HeLa, J-111, mouse fibroblast) to grow in a supposedly inositol-free medium (17) might be related to its presence in trace amounts.
Accordingly, samples of human and horse serum were dialyzed for the usual 24 hours, but in a rocking dialyzer against running water instead of in the static dialysis apparatus previously used. In media supplemented with such serum, both the HeLa and the J-111 cells grew for an initial period of 5 to 15 days, but upon subdivision then degenerated and died unless myo-inositol was added. Cycles of growth and arrest, depending upon the presence or absence of myo-inositol and related to the time of subdivision, are shown for both cells in Text- fig. 3 , and the growth response of the inositol-depleted HeLa cell to graded concentrations of inositol is shown in Figs. 4 to 6.
Only one of the twenty strains tested, the mouse fibroblast, has failed to date to show a need for exogenous inositol.
In a medium supplemented with 1 per cent horse serum previously depleted of inositol by rocking dialysis, this cell continued to grow for many weeks at essentially the same rate as in a medium supplemented with whole serum and inositol.
Quantitative Aspects of Inositol Requirement-The growth response of nineteen cell lines as a function of the concentration of myo-inositol in the medium is shown in Table III It is of interest that serum has been found to contain an average of 0.5 mg. per 100 ml. of inositol (18) , and the 5 per cent ultrafiltrate supplement which permitted the sustained growth of all the cells here studied (see Text- fig. 1 ) would thus have supplied approximately 1.4 X ~O+J M inositol, a concentration found to permit optimal growth (Table III) .
Growth-Promoting Activity of Inositol Isomers and Related CompoundsAll eight isomers of myo-inositol have now been either isolated or synthesized (19) , and seven of these (all but allo-inositol) were generously made available for study (see under "Methods").
None had demonstrable growth-promoting activity when tested as substitutes for myo-inositol with either the intestinal or liver cell cultures here used (see Table IV) . Two inositol congeners, galactinol and a plant inositol phosphatide (20) , and seven compounds structurally related to myo-inositol (gallic acid, quinic acid, phloroglucinol, rhodizonic acid, shikimic acid, streptamine, and streptidine) similarly had no inositol-like activity in tissue culture. none of these inactive compounds at concentrations of 10e4 to 1O-6 M inhibited the growth-promoting activity of myo-inositol at low6 to 3 X 10m6 M. Up to the present time only three compounds, myo-inosose, phytic acid, and inositol monophosphate, have shown definite growth-promoting activity (Table V) . The activity of the inosose was quantitatively consistent with, and presumably due to, approximately 2 to 4 per cent contamination with free inosito1.l The phytic acid and the two samples of monophos- 1 We are indebted to Dr. Joseph Larner for the analysis of the free inositol content of these preparations. by guest on January 27, 2018
http://www.jbc.org/ Downloaded from phate, however, contained less than 1 per cent free inositol, and their activity was therefore referable to the phosphates as such.
With all three cell lines tested, an inositol monophosphate isolated from a liver monophosphoinositide (21)2 proved to be 4 to 8 times more effective than inositol monophosphate produced by the enzymatic hydrolysis of phytic acid (see under "Methods").
The activity of this liver-derived monophosphate averaged 75 per cent that of free inositol (cf. Table V) .
Effects of Hexachlorocyclohexane and Streptomycin on Utilization of Inositol -Hexachlorocyclohexane has been found to antagonize the growthpromoting action of inositol in a number of inositol-dependent microorganisms (22) . This biological antagonism between inositol and hexachlorocyclohexane has, however, been questioned by a number of later workers (22) . In tissue culture, concentrations of 3 X 10v5 M failed to inhibit the growth-promoting effect of as little as N-7 M inositol. At yet higher concentrations (1 O-4 M) hexachlorocyclohexane did exercise a growth-inhibitory effect which was, however, independent of the concentration of inositol, and possibly unrelated to it.
Although the streptamine moiety of streptomycin is structurally related to inositol, neither compound could substitute for the vitamin and neither inhibited its growth-promoting effect.
DISCUSSION
In the present experiments, myo-inositol proved to be an essential growth factor for every one of the eighteen cultured human cell lines tested and for one of two mouse strains.
In its absence there was an arrest of growth, developing with some lines in a few days (e.g. liver, conjunctiva, and intestine) and in others only after 1 to 2 weeks (e.g. strains KB, Detroit 52 and 116). With two strains (HeLa and J-111), the minute amounts of inositol remaining in serum after 24 hour dialysis against running water sufficed for sustained growth, and the need for exogenous inositol became apparent only when the serum used in the medium had been more efficiently dialyzed.
Even under those circumstances, the effects of the inositol deficiency became apparent only when the cultures were subdivided, suggesting that the need for inositol may be related to the size of the population. It may be noted parenthetically that a similar situation obtains with several of the vitamins previously shown to be required by animal cells in tissue culture (15) .
The inositol-deficient cells developed cytopathogenic changes culminating in their death and dissolution, and typical growth response curves were observed at borderline concentrations.
The maximally effective level for the nineteen lines which required exogenous inositol varied only from EAGLE, OYAMA, LEVY, AND FREEMAN 201 3 X lo-' M to 3 X lo-+ M, most cell lines requiring low6 M, and, except for strain KB, 5 X lo-' M regularly sufficed for 50 per cent of maximal growth. These concentration ranges were higher than those required of most of the essential vitamins (15) or cofactors (23) and suggest that, as in the case of choline, inositol may be functioning as a metabolite, perhaps primarily for the synthesis of inositol phosphatides.
Contrary to early reports suggesting that myo-inositol might have an antitumor activity in vivo (24, 25) , it was required by every human cell line here examined, whether normal or malignant, and, of the two mouse lines studied, only the strain derived from a tumor proved to require inosito1 for survival and growth.
With the present demonstration that human cell lines in tissue culture are dependent on exogenous inositol, every known member of the so called vitamin B complex except biotin and vitamin B1z (choline, folic acid, inositol, nicotinamide, pantothenate, pyridoxal, riboflavin, and thiamine) has proved to be required by these cells for survival and growth (15) . It is entirely possible that exogenous biotin and vitamin Blz are similarly essential but are present as trace contaminants in other components of the medium.
The requirement for myo-inositol was remarkably specific.
No inositol isomer or congener proved capable of substituting for it, except myo-inosose, phytic acid, and two samples of inositol monophosphate.
The activity of the inosose was probably related to its known contamination with free inositol.
No free inositol was, however, found in the two inositol monophosphates tested or in the phytic acid, and their activity is probably referable to the phosphates as such. If man requires exogenous inositol, then dietary inositol phosphates, or even the unhydrolyzed phytic acid of plant foods, may therefore satisfy that inositol requirement without preliminary dephosphorylation by the intestinal flora. Schopfer, Posternak, and Boss (26) have recently shown that Eremothecium ashbyii, for which inositol is growth-stimulatory, can also utilize the monophosphate, while an inositol-requiring mutant of Neurospora crass-a gave no growth with the monophosphate, presumably because it lacked the dephosphorylating enzyme. There were wide differences in the growth-promoting activity of (a) phytic acid, (b) inositol monophosphate derived from phytic acid by enzymatic hydrolysis, and (c) inositol monophosphate derived from a liver monophosphoinositide (21) . Relative to free inositol as 100, the molar growth-promoting activity of these three compounds in tissue culture averaged 2 to 4, 9 to 20, and 68 to 77, respectively (see Table V ). McKibbin similarly has found the liver ester to be 6 to 10 times more active than the plant-derived material in assays with inositol-requiring Saccharcmyces
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INOSlTOL REQUIREMENT OF HUMAN CELLS carlsbergensis as the test organism (21) . It remains to be seen whether all the activity resides in a single isomer or whether there are a number of active isomers varying widely in their growth-promoting activity. Hexachlorocyclohexane at lop4 M inhibited the growth of a number of cell lines. This effect was, however, not observed at lower concentrations, was independent of the concentration of inositol, and was not reversed by it. It is therefore questionable whether the inhibitory effect is specifically directed against the utilization of inositol.
The rigorous requirement for exogenous inositol in tissue culture is at variance with the fact that immature rats have been found capable of synthesizing inositol from glucose (27) and glucose from inositol (28) . Several possible explanations may be considered, and the available data offer no indication as to which is the correct one. (1) The whole animal may synthesize inositol, but in amounts which are inadequate for growth. Exogenous inositol would then be as essential for the whole animal as it is for isolated cells in tissue culture.
It may be noted in this connection that Luckey et al. (29) recovered from germ-free rats 50 per cent more inositol than had been fed, but, because of the inaccuracy of the assays, they could not conclude that there had in fact been net synthesis.
Furthermore, all eighteen human cell lines studied here, but only one of two mouse lines, required exogenous inositol.
Man may thus differ from the rat (or mouse) in his inability to synthesize inositol in amounts sufficient for survival and growth.
(2) Only a few organs may be capable of synthesizing inositol, and these may supply the needs of the rest of the body.
Obviously, none of the eighteen human cell lines studied here falls into this category.
Experiments are now in progress to determine whether the mouse fibroblast, which apparently does not require exogenous inositol in culture, actually forms it in excess and releases it into the medium.
(3) Most cells, whether in vitro or in viva, may in fact form inositol in amounts adequate for their limited growth rate in vivo. That limited endogenous synthesis may not, however, suffice for the much more rapid rate of cell growth observed in tissue culture.
(4) Cells which in vivo are normally capable of making inositol may lose that synthetic capacity on prolonged cultivation in vitro, at least under the conditions of the present experiments.
To date, only eight vitamins have proved demonst.rably essential for the survival and growth of a wide variety of human and animal cells (choline, folic acid, inositol, nicotinamide, pantothenic acid, pyridoxal, riboflavin, and thiamine), and, with the possible exception of choline, all eight are required by every cell so far examined.
In a medium containing these eight vitamins, as well as the thirteen essential amino acids, salts, and glucose, with the necessary supplement of serum protein, every cultured cell line so far examined has proved capable of sustained and apparently indefinite propagation, with a 50,000,000-fold increase in cell protein over If there are qualitative differences in the vitamin requirements of these cells, derived from a wide variety of normal and malignant tissues, these differences must reside in the as yet unidentified components supplied by the essential serum protein. SUMMARY 1. myo-Inositol was an essential growth factor for the survival and multiplication of all eighteen normal and malignant human cell lines examined and for one of two mouse lines. In its absence, cytopathogenic changes developed and the cells died. Only a mouse fibroblast was capable of survival and multiplication in the absence of exogenous inositol. 2. The maximally effective concentration averaged 1OW M, and with most cells 5 X lo-' M inositol permitted 50 per cent of the maximal growth.
3. All seven isomers tested, and a variety of compounds structurally related to myo-inositol, proved wholly inactive.
Phytic acid, and inositol monophosphate derived from phytic acid, had slight growth-promoting activity, averaging 4 and 18 per cent that of free inositol.
A monophosphate derived from liver was, however, 4 to 8 times more effective than the plant-derived monophosphate, its activity varying between 68 and 77 per cent that of free inositol.
4. The implication of these observations with respect to the nutritional importance of inositol in viva is discussed in the text. 
